INTRODUCTION
============

DNA replication and repair synthesis are essential cellular events in both prokaryotes and eukaryotes. Numerous reports have provided details of the nature of the chromosomal DNA replication machinery, which contains a sliding clamp and clamp loaders ([@B1]). The eukaryotic sliding DNA clamp, proliferating cell nuclear antigen (PCNA), is known to interact with many proteins related to DNA replication, DNA repair, translesion DNA synthesis, DNA methylation, cell cycle regulation, chromatin metabolism, sister chromatin cohesion and apoptosis, suggesting a central role in regulating normal cellular DNA replication/repair activities ([@B2; @B3; @B4]). PCNA is a ring-shaped homotrimer that encircles double-stranded DNA (dsDNA), leaving it free to slide along the DNA, and to function as a scaffold protein, interacting with many partners. The most important role of PCNA in DNA replication and repair is thought to be related to DNA polymerase processing, since PCNA interacts with multiple DNA polymerases and can stimulate their processivity ([@B1],[@B2],[@B4],[@B5]).

Since PCNA is ring-shaped, it must be opened up to load onto DNA and closed following loading. Loading of PCNA onto DNA is performed by an ATP-dependent activity of Replication Factor C (RFC), a clamp loader complex consisting of five subunits: one large subunit p140 (Rfc1, RFC140) and four small subunits, p37 (Rfc2, RFC37), p36 (Rfc3, RFC36), p40 (Rfc4, RFC40) and p38 (Rfc5, RFC38). At initiation of DNA replication in eukaryotic cells, the DNA polymerase α-primase complex catalyzes the extension of DNA from 5′ to 3′. In this step, DNA polymerase α-primase does not require PCNA. After incorporation and polymerization of about 30 nt, this results in a 3′ template--primer junction. An *in vitro* study has revealed that the DNA-binding domain of RFC140 binds to this junction and helps to load PCNA onto DNA. DNA polymerase δ and/or ɛ are then recruited to PCNA, and begin the subsequent DNA synthesis ([@B5],[@B6]).

RFC140 is a large subunit compared with the other four subunits. It has a BRCT domain ([@B7],[@B8]) and an extended N-terminal domain ([@B9]), suggesting that RFC140 is more critical than the other small subunits. As mentioned earlier, RFC140 has a DNA-binding domain at a region between aa367 and 493. This region also contains a BRCT motif, which in a large number of proteins is involved in cell cycle regulation and DNA metabolism and has homology to bacterial DNA ligases and PARP, suggesting a role as a nick sensor ([@B7],[@B8]). Based on this information, it is thought that this DNA-binding domain is important for recruitment, not only to DNA replication sites, but also to sites of DNA damage, because cells require replicative DNA polymerase δ for multiple DNA repair synthesis activities, including long-patch base excision repair, mismatch repair, nucleotide excision repair and double-strand break repair ([@B2],[@B3]). Throughout these systems for recognition and excision of damage from DNA, initiation of repair is performed by specific repair proteins. After removing damage from DNA, the gapped DNA region must be filled in by DNA polymerase, and the nick sealed by DNA ligase. Thus, many spacio-temporally coordinated proteins are required to complete DNA repair. The *in vivo* dynamics of this process are not yet well-described, however.

Here, we have analyzed the recruitment of PCNA and RFC to sites of DNA damage/repair, in order to gain a better understanding of the mechanisms by which the proteins are recruited to these sites. We have developed a system for observing, *in situ*, the dynamics of DNA repair proteins as they respond to DNA damage induced by UVA-laser irradiation ([@B10],[@B11]). Using a knock-down of RFC140, we show that recruitment of PCNA to sites of DNA damage is independent of RFC140. We then examine the PCNA-facilitated recruitment of deletion fragments of RFC140, showing its dependence on an interaction between PCNA and the extreme N-terminus of RFC140.

MATERIALS AND METHODS
=====================

Construction of expression vectors
----------------------------------

pEGFP-C1 vector was purchased from Clontech, and its multi-cloning sites were slightly modified to introduce in-frame *Xho*I or *Sal*I and *Not*I sites ([@B10],[@B11]). The coding regions of human RFC140, RFC40, RFC38, RFC37, RFC36, PCNA and DNA polδ-p125 were inserted into pEGFP-C1. Deletion fragments of RFC140 were PCR-amplified by oligonucleotide primers containing *Sal*I or *Not*I sites and inserted into pEGFP-C1 vector, in some cases using appropriate restriction endonucleases to generate constructs. Details are described in Supplementary Information. Site-directed mutagenesis was performed according to the QuikChange site-directed mutagenesis protocol (Stratagene). Sequences of all PCR primers used in this study can be provided upon request.

Antibodies
----------

The antibodies used in indirect-immunofluorescent (IF) and Western (WB) experiments were as follows: rabbit polyclonal anti-RFC1 (diluted 1:100 for IF, 1:500 for WB, sc-20993, SantaCruz), rabbit polyclonal anti-PCNA (diluted 1:50 for IF, sc-7907, SantaCruz), mouse monoclonal anti-PCNA (PC10, diluted 1:100 for IF, 1:3000 for WB, NA03, Calbiochem), mouse monoclonal anti-phosphorylated H2AX (γH2AX, diluted 1:800 for IF, 05-636, Upstate), mouse monoclonal anti-ORC2 (diluted 1:3000 for WB, M055-3, MBL), mouse monoclonal anti-MEK2 (diluted 1:3000 for WB, 610235, BD Biosciences), goat polyclonal anti-Actin (diluted 1:3000 for WB, sc-1616, SantaCruz) and mouse monoclonal anti-His (diluted 1:2000 for WB, 27-4710-01, Amersham).

Cell culture and transfection
-----------------------------

Wild-type and xrcc1-deficient mouse embryonic cells, having an inactive p53 background, were generous gifts of Samuel Wilson (NIEHS/NIH). These two lines, 293T and HeLa cells were cultured in Dulbecco\'s modified-MEM (Nissui) supplemented with 1 mM [l]{.smallcaps}-glutamine and 10% fetal bovine serum at 37°C and 5% CO~2~. For UVA-laser irradiation, cells were seeded in glass-bottomed dishes (Matsunami Glass), and the GFP-expression vectors were transfected using FuGene6 (Roche) according to the manufacturer.

Microscopy and UVA-laser irradiation
------------------------------------

Fluorescence images were obtained and processed using a FV-500 confocal scanning laser microscopy system (Olympus). UVA-laser irradiation using 365 and 405-nm wave-lengths was performed as described previously ([@B10; @B11; @B12]). The images obtained were processed by FluoView (Olympus) and Photoshop software.

Indirect immunofluorescence
---------------------------

Cells were plated in glass-bottomed dishes 2 days before experiments. Indirect immunofluorescence was performed as described previously ([@B13]), but with slight modification. Briefly, at appropriate time points after irradiation, cells were fixed with 4% paraformaldehyde and permeabilized with PBS/0.2% TritonX-100. Alternatively, for PCNA-staining, cells were first treated with detergent solution (10 mM Tris--HCl pH 7.5, 2.5 mM MgCl~2~, 0.5% Nonidet P-40 and 1 mM PMSF) for 8 min on ice and fixed with ice-cold methanol. The secondary antibodies used were Alexa Fluor 488 anti-rabbit IgG and 594 anti-mouse IgG (diluted 1:400, Molecular Probes) as appropriate. All samples were counterstained with DAPI to ensure nuclear location.

Expression and purification of recombinant proteins
---------------------------------------------------

*Escherichia coli* BL21(DE3) pLysS (Invitrogen) was used as host strain for expression of recombinant proteins in this study. The coding region of the appropriate RFC140 fragments and human PCNA were inserted into pGEX-4T-3 (Amersham) and pET16b (Novagen), and expressed as GST- and His-tagged proteins, respectively.

When the bacterial culture had reached an OD~600~ of 0.6, expression of GST-RFC140 fragments was induced by addition of 1 mM IPTG and culture was continued at 23°C for 8 hr. In the case of His-PCNA, induction was by addition of 1 mM IPTG with further cultivation at 37°C for 3 hr. Bacteria were washed once with ice-cold PBS and stored at −80°C until use.

Cells expressing GST-RFC140 fragments were lyzed by two freeze-thaw cycles combined with sonication in Buffer A (50 mM Tris--HCl pH 8.0, 500 mM NaCl and 0.1% TritonX-100) supplemented with 1 mM DTT, Complete EDTA-free (Roche) and 1 mM PMSF. Lysates were clarified by centrifugation at 20 000 *g* for 30 min. The supernatant was mixed with Glutathione Sepharose 4FF beads (Amersham) equilibrated with Buffer A supplemented with 1 mM DTT and incubated for 2 hr at 4°C with gentle rotation. Unbound proteins were washed out with Buffer A, and a portion of the beads was taken, mixed with SDS sample buffer, boiled and applied to SDS--PAGE to check the purity.

Cells expressing His-PCNA was lyzed by two freeze-thaw cycles combined with sonication in Buffer B (50 mM Tris--HCl pH 8.0, 500 mM NaCl, 0.1% TritonX-100 and 5 mM spermidine) supplemented with Complete EDTA-free, 1 mM PMSF and 20 mM imidazole. Lysates were clarified by centrifugation. The supernatant was mixed with Ni-NTA agarose resin (Qiagen) equilibrated with Buffer B supplemented with 20 mM imidazole and incubated for 2 hr at 4°C with gentle rotation. Unbound proteins were washed out with Buffer B containing 20 mM imidazole, and bound proteins were eluted with Buffer B containing 60, 100, 250 and 500 mM imidazole, sequentially. Most of the His-PCNA eluted in the 250 mM imidazole fraction.

GST-pull-down assay
-------------------

The GST-pull-down assay was performed using GST-RFC140 fragments immobilized on glutathione sepharose resin as bait and a His-PCNA as prey. Immobilized GST (∼2 μg) or GST-RFC140 fragments (∼1 μg) were resuspended in Buffer C (40 mM Tris--HCl pH 7.5, 10 mM MgCl~2~, 0.1% NP-40, 0.2% BSA) and 1 μg of His-PCNA was added. The mixture was incubated at room temperature for 1 hr with gentle rotation. Beads were then washed 4× in ice-cold Buffer C supplemented with 50 mM NaCl, and bound proteins were boiled in the presence of SDS-sample buffer and analyzed on a Western blot.

Chromatin fractionation
-----------------------

Cellular localization of endogenous RFC140 and PCNA in 293T cells was investigated by the chromatin fractionation technique according to the method of Mendez and Stillman ([@B14]), with slight modification. Briefly, 293T cells were plated in a 60-mm dish. At 80% confluence, cells were washed once in ice-cold PBS and the cell pellet was resuspended in 200 μl of Solution A (10 mM Hepes--KOH pH 7.9, 10 mM KCl, 1.5 mM MgCl~2~, 0.34 M sucrose, Complete EDTA-free and 1 mM PMSF) and then TritonX-100 (0.1%) was added. After 5 min of incubation on ice, samples were centrifuged at 1300 *g* for 4 min (4°C). The resultant supernatant and pellet were designated as 'S1' and 'P1' fractions, respectively. The P1 fraction was washed once in Solution A, and this pellet was designated as 'P1 fraction (intact nuclei)'. Nuclei were resuspended in 200 μl of Solution B (3 mM EDTA and 0.2 mM EGTA) and left to stand on ice for 10 min. The sample was centrifuged at 1700 *g* for 4 min (4°C). The resultant supernatant and pellet were designated as 'S2' and 'P2', respectively. The 'P2' fraction was washed once with Solution B, and this pellet was designated as 'P2 fraction (chromatin)'. S1 and S2 fractions were centrifuged at 15 000 *g* for 5 min, and each supernatant was carefully transferred to a new tube, and designated as 'S1 (cytosol)' and 'S2 (soluble nuclear proteins)'. The P2 fraction was resuspended in 200 μl of SDS-sample buffer and sonicated. The same volumes of each of S1, S2 and P2 fractions were applied to SDS--PAGE, and proteins were blotted to a PVDF membrane. After staining with appropriate primary and secondary antibodies, proteins of interest were detected by ECL (Amersham).

siRNA transfections
-------------------

Small interfering RNA (siRNA) oligonucleotides were prepared using a Silencer siRNA construction kit (Ambion) according to the manufacturer. The siRNA target sequences were as follows (sense strand only): RFC140 (GAAGGCGGCCUCUAAAUCA) ([@B7]); Luciferase (CGUACGCGGAAUACUUCGA). HeLa cells were plated at 1 × 10^5^ per 35-mm dish and transfected twice with 100 nM siRNA using Oligofectamine (Invitrogen) on each of the following 2 days. The knock-down efficiency was evaluated by protein levels in whole cell extracts at 72 hr after the first siRNA transfection.

RESULTS
=======

DNA repair synthesis machinery rapidly accumulates at DNA damage generated by UVA-laser irradiation of micro-nuclear regions
----------------------------------------------------------------------------------------------------------------------------

Our previous work showed that PCNA is rapidly recruited to sites of DNA damage induced by 365-nm UVA-laser irradiation ([@B11]). In this study, we have used primarily a 405-nm UVA-laser irradiation system. Using this approach, DNA damage, including single-strand breaks (SSBs), double-strand breaks (DSBs) and base damage, could be created along a single line. Our previous work ([@B10]) and Supplementary figure S1 showed that XRCC1-EGFP, EGFP-Rad52 and EGFP-OGG1 accumulate to a region irradiated by 405-nm UVA laser, suggesting that this laser irradiation induces SSBs, DSBs and base damage within a single region.

To determine whether the DNA repair synthesis machinery is recruited to sites of DNA damage, we transiently expressed EGFP-tagged RFC140, RFC40, RFC38, RFC37, RFC36, PCNA and the catalytic subunit of DNA polymerase δ p125 (Polδ1) in HeLa cells, and analyzed the dynamics of these fluorescence-tagged proteins, immediately following induction of damage, using confocal microscopy ([Figure 1](#F1){ref-type="fig"}). The data clearly showed accumulation of all components tested. RFC began to accumulate immediately following irradiation (within 10 s), while the accumulation of PCNA and Polδ1 in the region of damage occurred somewhat later. A similar accumulation pattern was observed using 365-nm UVA-laser irradiation ([Figure 2](#F2){ref-type="fig"}A) and the accumulation dynamics of EGFP-RFC140, PCNA and Polδ1 were also quantified ([Figure 2](#F2){ref-type="fig"}B). Although PCNA and Polδ1 had similar accumulation kinetics, accumulation of RFC140 to the site of damage was much faster than for other proteins. This accumulation kinetics of RFC140 was co-plotted with that of the other four small subunits ([Figure 2](#F2){ref-type="fig"}C). Since the difference in mean intensities of each subunit might be due to the differences in their expression levels, a time point at which 50% of maximum intensity was achieved (*t* 1/2 MI) was calculated from the data in [Figure 2](#F2){ref-type="fig"}B and C ([Figure 2](#F2){ref-type="fig"}D). The order of *t* 1/2 MI (fastest to slowest) was RFC140 ≫ RFC 38 \> RFC 37 \> RFC 40 \> RFC 36 ≫ Polδ1 \> PCNA. Although differences between the four small subunits of RFC were not apparent, these accumulated much more slowly than the large subunit RFC140. Furthermore, the accumulation of PCNA and Polδ1 was much slower than that of RFC140 ([Figure 2](#F2){ref-type="fig"}B and D). This might indicate that RFC, especially RFC140, is recruited first to sites of DNA damage, and PCNA targets RFC for recruitment to sites of DNA damage. Figure 1.Recruitments of EGFP-tagged proteins related to DNA repair synthesis to laser-induced DNA damage. Five EGFP-fused RFC subunits, PCNA and catalytic subunit of DNA polδ (Polδ1) were transiently expressed in HeLa cells, and a 405-nm UVA-laser (500 scans) was directed to identical sites within nucleus (white arrowheads). The picture was taken before (pre-irradiation), immediately (within 10 s) and 20, 60, 120 and 300 s after irradiation. Figure 2.(**A**) Recruitment of EGFP-tagged proteins related to DNA repair synthesis to DNA damage induced by a 365-nm UVA-laser. (A) Nuclei (arrowheads) of HeLa cells expressing EGFP-RFC140, EGFP-PCNA and EGFP-Polδ1, were irradiated with a 365-nm UVA laser as described in 'Materials and Methods' section. (**B**) Accumulation of EGFP-fusions, RFC140 (square), PCNA (triangle) and Polδ1 (circle) in (A) was measured as the fold increase of fluorescence intensity at an irradiated site. Data were taken from five independent experiments. Error bars represent standard errors. (**C**) Intensity at laser irradiation sites of EGFP-fusions and five RFC subunits was plotted as in (B). (**D**) Maximum intensity (MI) and the time to reach MI (*t* MAX) were represented in each GFP-fusion. A half of MI (1/2 MI) was calculated as 0.5 × (MI − 1) + 1. Thus, *t* 1/2 MI indicates the time to reach 50% of MI.

Since these observations were made using over-expressed exogenous proteins, which may disrupt normal patterns of protein movement, we next examined the accumulation of endogenous RFC140 and PCNA to sites of DNA damage using indirect immunolabeling ([Figure 3](#F3){ref-type="fig"}). For this experiment, phosphorylated H2AX (γH2AX) was probed as a marker of the laser-irradiated region. As shown, the pattern of accumulation kinetics for endogenous RFC140 and PCNA was quite similar to that of the EGFP-tagged proteins. The RFC140 signal was strongest at 2 min after irradiation, and reduced with time until, 30 min after irradiation, most of this signal had disappeared. In contrast, the PCNA signal intensity peaked 5 min following irradiation, and was reduced thereafter. At 10 min following irradiation, although most of the RFC140 signal had disappeared, PCNA was retained, which is consistent with RFC140 releasing PCNA after loading it onto DNA. These data suggest that RFC140 accumulates at sites of DNA damage more rapidly than PCNA, as was seen in over-expressed proteins. Figure 3.Recruitments of endogenous RFC140 and PCNA to laser-induced DNA damage. HeLa cells were plated in glass-bottomed dishes 2 days before irradiation, and cells were irradiated with a 405-nm UVA-laser at the positions indicated between the white arrowheads on the DAPI picture. At 2, 5, 10 and 30 min after irradiation, cells were fixed with paraformaldehyde (for RFC140) or methanol followed by detergent-treatment (for PCNA) and probed with anti-RFC140 or anti-PCNA antibody described in 'Materials and Methods' section. Phosphorylated H2AX (γH2AX) was the marker for showing actual laser irradiation.

As mentioned earlier, the 405-nm UVA-laser treatment apparently created both SSBs and DSBs. In our previous work ([@B11]), PCNA did not accumulate in xrcc1-deficient cells after a low dose of 365-nm irradiation that produced only SSBs, suggesting that PCNA accumulation to SSBs is dependent on XRCC1 protein. In that study, however, a high dose of 365-nm irradiation producing both SSBs and DSBs, caused accumulation of PCNA even in xrcc1-deficient cells, indicating that PCNA accumulation to DSB is independent of XRCC1. To explore the dependency of accumulation of RFC140 and PCNA on the nature of DNA damage, we expressed EGFP-fused RFC140 and PCNA in xrcc1-deficient and xrcc1-proficient MEF and irradiated with both low and high doses of 365-nm UVA-laser light. As shown in [Figure 4](#F4){ref-type="fig"}, although both PCNA and RFC140 accumulated at SSBs in WT cells, neither protein did so in xrcc1-deficient cells. On the other hand, in the presence of a mixture of SSBs and DSBs, which is achieved by a higher dose of laser irradiation, within the irradiated region, both PCNA and RFC140 accumulated, regardless of the presence of XRCC1 protein in MEF. These data indicate that aspects of the XRCC1-dependency of RFC140 accumulation to DNA damage are similar to PCNA, suggesting accumulation of RFC140 to both SSBs and DSBs. Figure 4.Accumulation of EGFP-RFC140 and EGFP-PCNA in response to laser-induced DNA damage in xrcc1-deficient and xrcc1-proficient mouse embryonic cells. Nuclei of xrcc1-deficient (KO) or proficient (WT) mouse embryonic cells expressing EGFP-RFC140 or EGFP-PCNA were irradiated with a low dose (SSBs) or a high dose (SSBs + DSBs) of 365-nm UVA-laser light. Time-lapse pictures were taken as indicated in [Figure 2](#F2){ref-type="fig"}A.

Deletion analysis of RFC140 in accumulation at sites of DNA damage
------------------------------------------------------------------

Based on the above results, we hypothesized that RFC140 accumulates at sites of damage first and then recruits PCNA. To test this hypothesis we determined which parts of RFC140 are important for the protein to accumulate at sites of DNA damage. We generated a series of GFP-tagged RFC140 fragments based on the physical domains of RFC140 as shown in [Figure 5](#F5){ref-type="fig"}A: PCNA-A and PCNA-B domains which are thought to be critical for PCNA-binding, a DNA-binding domain which has affinity to 3′ template--primer junction generated by Pol α-primase, and a complex-formation domain that is required for complex formation with other RFC subunits ([@B7]). We first tested two fragments: the N-terminal half (fragment 1--493) and the C-terminal half (fragment 480--1147) of RFC140. Both fragments showed exclusively nuclear localization and localized to sites of DNA damage after local UVA-laser irradiation. However, fragment 1--493 showed much stronger accumulation than fragment 480--1147 ([Figure 5](#F5){ref-type="fig"}A and B). Figure 5.Deletion analysis of RFC140. (**A**) The domain structure of RFC140 and RFC140 fragments. Details of each domain are described in the text. The degree of accumulation of each fragment at laser-induced DNA damage is indicated as follows: +++, accumulation of full-length protein (as 100% when 120 s after irradiation); ++, weaker accumulation of full-length (more than 70%); +, much weaker accumulation of full-length (30--70%); +/−, very weak accumulation (less than 30%) and -, no accumulation. Localization of each EGFP-fragment without 2xNLS is also indicated. Nu and Cyto indicate nuclear and cytosolic localization, respectively. (**B**) Accumulation of each EGFP-fragment is shown at 120 s time point after irradiation.

In addition, fragments 480--882 and 734--1147 from the C-terminal half, and fragments 1--369 and 367--493 from the N-terminal half were created ([Figure 5](#F5){ref-type="fig"}A). Of these four fragments, only fragments 1--369 and 480--882, containing the PCNA-binding domain, localized to the nucleus. The complex-formation domain-containing fragment (734--1147) localized only in the cytosol (data not shown). The fragment containing the DNA-binding domain (367--493) localized throughout whole cells (data not shown), which is consistent with the previous data by Fotedar and co-workers ([@B15]). In the present study, the complex formation domain and DNA-binding domain were fused with artificial 2xNLS (nuclear localization signal) as shown in [Figure 5](#F5){ref-type="fig"}A. After addition of the NLS, both fragments showed nuclear localization ([Figure 5](#F5){ref-type="fig"}B). Of these four fragments, the DNA-binding domain and complex-formation domain did not accumulate ([Figure 5](#F5){ref-type="fig"}B). The other two PCNA binding fragments showed accumulation with different strengths; fragment 1--369 showed much more significant accumulation than fragment 480--882. This might indicate that RFC140 accumulates to sites of DNA damage by binding to PCNA, and that two distinct regions for PCNA-binding have different properties.

Effect of F6A/F7A mutation in deletion fragments on accumulation at DNA damage
------------------------------------------------------------------------------

To determine whether accumulation of fragment 1--369 is PCNA-dependent, we introduced two phenylalanine-to-alanine substitutions at aa 6 and 7 (F6A/F7A) in fragment 1--369 ([Figure 6](#F6){ref-type="fig"}A) (designated as fragment 1--369FA) since RFC140 contains a PCNA-binding motif (PIP-box) at its N-terminus ([@B2]) which is thought to be responsible for the interaction of PCNA with this fragment ([@B9]). Interestingly, fragment 1--369FA showed neither exclusive nuclear localization nor accumulation at the site of DNA damage ([Figure 6](#F6){ref-type="fig"}B). This data suggested that nuclear localization of fragment 1--369 requires an efficient interaction with PCNA and the presence in nucleus of this fragment is important for accumulation at DNA damage. This is distinct from the model developed earlier. Figure 6.Accumulation kinetics of a series of deletion fragments with or without F6A/F7A substitution. (**A**) Sequence alignment of the N-terminal portion of RFC140 orthologs from nine eukaryotes. Approximately 10 amino-acid residues are indicated. Red-colored residues are highly conserved among all species, and are indicated as the PIP-box (see text). EGFP-fused fragments 1--369 (**B**), 1--397 (**C**), 1--493 (**D**), 1--733 (**E**) and full-length (1--1147, **F**) having normal (closed squares) or the F6A/F7A mutation (open squares) were transiently expressed in HeLa cells and accumulation was measured as the fold increase of fluorescence intensity. Error bars indicate standard error. Error bars not indicated are smaller than symbols. Pictures represent accumulation of FA mutant fragments, and are taken before and 120 min after laser irradiation. Data were taken from five independent experiments. White arrowheads indicate the laser irradiation region.

To evaluate the extent to which PCNA is responsible for accumulation of RFC140, deletion fragments having normal (wild-type) or F6A/F7A substitution were constructed, and their accumulation kinetics quantified ([Figure 6](#F6){ref-type="fig"}C--F). Surprisingly, fragment 1--397FA localized exclusively in the nucleus and accumulated at laser-irradiated sites ([Figure 6](#F6){ref-type="fig"}C), although this fragment was extended by only 28 C-terminal aa compared with fragment 1--369FA. However, the accumulation kinetics of fragment 1--397FA were completely different from its wild-type version ([Figure 6](#F6){ref-type="fig"}C). Immediately after irradiation, accumulation of fragment 1--397 F6A/F7A reached a plateau; however the wild-type fragment continued to accumulate. The same pattern was seen with fragments 1--493FA and 1--733FA ([Figure 6](#F6){ref-type="fig"}D and E). To ensure PCNA binding ability in mutant fragments, we did a GST-pull-down assay using GST--RFC fragments and His-PCNA as bait and prey, respectively ([Figure 7](#F7){ref-type="fig"}). Compared with fragments 1--369WT and 1--369FA, PCNA binding ability was markedly decreased in fragment 1--369FA. The same pattern was observed in fragments 1--397WT and 1--397FA. Although some of bound PCNA could be seen in fragments 1--369FA and 1--397FA, it seems that this residual binding is caused by the more amounts of bait protein (GST-fusion) in FA fractions compared within WT fractions. Furthermore, the GST-tag fused to N-terminal RFC140 fragments might affect on stability of protein interaction in this case, because the FA mutation is located at very extreme N-terminus of fragments. Thus, since the binding activities in fragments 1--369FA and 1--397FA were not significant, it is thought that accumulation of fragment 1--397FA is independent of PCNA. Figure 7.GST-pull-down assay. GST-fused RFC140 fragments were purified and indicated as asterisks on Coomassie staining gel (bottom column). GST-fragments immobilized on glutathion sepharose beads were mixed with purified His-PCNA, and GST-pull-down assay was done as described in 'Materials and Methods' section. On the His-PCNA lane, 10% of input protein was loaded. Bound PCNA was detected by Western blots with anti-His antibody (top column).

Accumulation of the full-length fragment also followed a similar kinetic pattern as the others ([Figure 6](#F6){ref-type="fig"}F). Again, accumulation of all fragments with the F6A/F7A mutation reached a plateau soon after irradiation. On the other hand, recruitment of wild-type fragments increased with time. These results clearly indicated the importance of an interaction with PCNA at the N-termini for accumulation of RFC140 to DNA damage. Although fragment 1--1147FA showed inefficiency in the slower phase of accumulation, this accumulation may also be meaningful. These results suggest that a slower phase of RFC140 accumulation to the site of DNA damage is due to binding to PCNA and its rapid phase is via a short region of RFC140, including at least aa 370--397.

It should be noted that fragment 1--733FA, like fragment 1--397FA, did not accumulate further after 40 s, although another PCNA-binding domain (PCNA-B domain) was still active in fragment 1--733FA ([Figure 6](#F6){ref-type="fig"}C and E). On the other hand, fragment 480--733 which contains the PCNA-B domain had far greater interaction ability than the PCNA-A domain *in vitro* ([Figure 7](#F7){ref-type="fig"}). Since the PCNA-B domain (fragment 480--882) showed very slight accumulation compared with the PCNA-A domain (fragment 1--369) ([Figure 5](#F5){ref-type="fig"}), these data also support the importance of interaction with PCNA via the A domain but not via the B domain for accumulation of RFC140 to DNA damage.

Sub-cellular localization of endogenous RFC140 and PCNA
-------------------------------------------------------

In order to investigate the sub-cellular localization of endogenous RFC140 and PCNA in asynchronous cells, we next prepared cytoplasmic (S1), soluble (S2) and insoluble (P2) nuclear protein fractions from 293T cells. With this procedure, the soluble (S2) and insoluble (P2) nuclear fractions are thought to be the nucleoplasm and the chromatin/nuclear matrix, respectively ([@B14]). As shown in [Figure 8](#F8){ref-type="fig"}, ORC2, which is a marker protein tightly bound to chromatin is completely absent from the S2 fraction confirming that S2 does not contain any contaminating P2 fraction so it should not contain chromatin-binding proteins. The presence of endogenous RFC140 in the P2 fraction but not the S2 from 293T cells shows that it is purely a chromatin-binding protein, whereas PCNA was found throughout all the sub-cellular fractions ([Figure 8](#F8){ref-type="fig"}). This different distribution of these proteins might be explained by the more rapid recruitment of RFC140 than PCNA to site of DNA damage. Figure 8.Cellular localization of endogenous RFC140 and PCNA in asynchronous 293T cells. S1, S2 and P2 indicate cytoplasmic, nucleoplasm (soluble nuclear) and chromatin/nuclear matrix (insoluble nuclear) fractions, respectively. MEK2 and ORC2 blots are represented as a markers specific to cytoplasmic and chromatin fractions, respectively.

Accumulation of PCNA is not dependent on RFC140
-----------------------------------------------

To evaluate the inter-dependency of PCNA and RFC140 on each others' accumulation, we used siRNA-mediated knock-down of the proteins in HeLa cells. Unfortunately, however, knock-down of PCNA was inefficient (data not shown), so we could only perform this experiment with RFC140 ([Figure 9](#F9){ref-type="fig"}A). HeLa cells were transfected with siRNA, cells were fixed at 2 and 5 min after UVA-laser irradiation, and accumulation of endogenous RFC140 and PCNA was observed by indirect-immunolabeling ([Figure 9](#F9){ref-type="fig"}B). Accumulation of PCNA and RFC140 was observed in cells treated with control siRNA (Luciferase siRNA) ([Figure 9](#F9){ref-type="fig"}B, indicated as siLuc). In the cells treated with RFC140 siRNA, PCNA still accumulated at sites of damage, even in the absence of RFC140 protein ([Figure 9](#F9){ref-type="fig"}B, indicated as siRFC140 column). This indicates that PCNA accumulates at DNA damage and that its accumulation is independent of RFC140. Figure 9.Effect of absence of RFC140 on accumulation of PCNA at DNA damage. (**A**) siRNA-mediated RFC140 knock-down. Whole cell extracts were prepared from mock-, Luciferase siRNA- and RFC140 siRNA-treated HeLa cells as described in 'Materials and Methods' section. Blot was probed with anti-RFC140, PCNA and Actin antibodies. (**B**) Indirect immunofluorescence. Luciferase siRNA- and RFC140 siRNA-treated HeLa cells were irradiated with a 405-nm UVA-laser and fixed at 2 or 5 min after irradiation. Indirect immunolabeling was performed as described in 'Materials and Methods' section.

DISCUSSION
==========

In this study, we first of all clearly demonstrated rapid recruitment (within 2 min of damage induction) of PCNA, DNA Polδ1 and all subunits of RFC as exogenous EGFP-fusions, and of PCNA and RFC140 as endogenous proteins, to the sites of DNA damage induced by UVA-laser irradiation of living cells. To further understand the mechanisms of recruitment to sites of DNA damage, a series of fragments and point mutants of RFC140 were investigated, because the accumulation of EGFP epitope-tagged RFC 140 was apparently faster than that of EGFP-PCNA ([Figures 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}), which suggested that RFC may recruit PCNA to the sites of DNA damage. Differential accumulation of fragments 1--369WT and 1--369FA showed that accumulation of this region is totally dependent on exclusive nuclear localization of those fragments ([Figure 6](#F6){ref-type="fig"}B). Although full-length RFC140 containing the F6A/F7A substitution could accumulate, this mutant fragment showed inefficiency in the slower phase of accumulation ([Figure 6](#F6){ref-type="fig"}F), suggesting dependency of RFC140 accumulation on the exclusive nuclear localization via binding with PCNA. A RFC140 siRNA-mediated knock-down revealed that PCNA accumulates at DNA damage independently of the presence of RFC140 ([Figure 9](#F9){ref-type="fig"}). These results indicate that the major pathway in recruitment of PCNA and RFC is due to targeting of PCNA to the site of DNA damage/repair. In support of this, when SSBs are induced, PCNA is thought to be recruited to DNA damage sites through interaction with XRCC1 ([@B11]), probably by direct interaction between XRCC1 and PCNA ([@B16]). Furthermore, a very recent report by Das-Bradoo and co-workers ([@B17]) suggests that, in budding yeast, Polα interacts with Mcm10 and diubiquitinated Mcm10 interacts with PCNA, allowing recruitment of PCNA to sites of DNA replication. These data may indicate that PCNA is targeted to sites of DNA replication/repair without RFC. In addition, the PIP-boxes in several PCNA-binding proteins are required for DNA metabolism which relates to recruitment of these proteins. Recruitment of DNA methyltransferase I to sites of DNA damage ([@B18]), of RFC140 and DNA ligase I to DNA replication sites ([@B19]) and of DNA ligase I to DNA repair sites ([@B20]) required a PCNA-binding domain. Therefore, the accumulation of fragment 1--369WT but not 1--369FA to the sites of DNA damage/repair might be by a similar mechanism to that indicated above and, furthermore, RFC might be recruited to the sites of DNA damage/repair as a co-factor of PCNA. However, PCNA-dependent accumulation of RFC140 was unexpected, because, in our hands, the DNA-binding domain, which has the ability to 'find' DNA replication sites ([@B5]), did not show accumulation ([Figure 5](#F5){ref-type="fig"}). This domain is probably required for a later step, i.e. locating accumulated PCNA for accurate loading within DNA damage/repair sites.

However, surprisingly, the accumulation of EGFP-tagged RFC140 was apparently much faster than for EGFP-tagged PCNA ([Figure 2](#F2){ref-type="fig"}B). From the data shown in [Figure 6](#F6){ref-type="fig"}, there is no doubt that RFC140 also has a PCNA-independent accumulation property, even if this is a minor one compared to its PCNA-dependent accumulation. In spite of the presence of only extra 28 aa in fragment 1--397 compared with fragment 1--369, mutant type of this fragment (1--397FA) showed exclusive nuclear localization, even if fragment 1--369FA was not ([Figure 6](#F6){ref-type="fig"}B and C). However we could not find any NLS in this region (aa369--397) by the PSORTII prediction (data not shown). This information gave us the following idea. This extra 28 aa might contain a cryptic NLS ability and contribute to the exclusive nuclear localization of RFC140. Once fragments import to nucleus, those fragments can accumulate at DNA damage sites, suggesting that efficient PCNA binding is not required for this event. Although the role and mechanism of this faster accumulation of RFC140 than that of PCNA is still unclear, our sub-cellular localization study revealed that endogenous RFC140 is solely a chromatin-binding protein, whereas PCNA was distributed in both soluble and chromatin fractions in asynchronous 293T cells ([Figure 8](#F8){ref-type="fig"}). Zou and co-workers ([@B21]) reported that Rad17, which is a checkpoint protein and one of the RFC140 homologs that loads the Rad9-Hus1-Rad1 clamp onto DNA, was found in both soluble and chromatin fractions, and did not change its localization status even after induction of DNA damage. Therefore it is possible that the immediate accumulation of RFC140 (PCNA-independent accumulation) may occur by the protein sliding along the chromatin and being trapped at sites of DNA damage. We propose the following model: since a certain proportion of PCNA is localized in the soluble fraction ([Figure 8](#F8){ref-type="fig"}), it may be recruited to DNA damage with or without RFC140 (from the data shown in [Figure 9](#F9){ref-type="fig"}B); some of the PCNA may encounter RFC140 at sites of damage, after which PCNA is loaded onto DNA by RFC. Thus our data strongly suggest that RFC140 has two distinct modes of accumulation to the sites of DNA damage/repair, PCNA-dependent and PCNA-independent.

The crystal structure of yeast RFC140 has been investigated for fragments 295--785 (corresponding to 568--1076 in the human protein) ([@B22]). Although this region contains a PCNA-binding domain, another PCNA-binding region located at the extreme N-terminus is lacking. Our study showed that fragment 1--369 (containing a PCNA-A binding domain) has much greater accumulation properties than fragment 480--1147 (containing a PCNA-B binding domain) ([Figure 5](#F5){ref-type="fig"}), and the PCNA-A binding domain might have a more important role in the interaction with RFC140 than the PCNA-B binding domain ([Figure 6](#F6){ref-type="fig"}E). However, the spatial location of these two distinct regions within the full-length protein may further stabilize the interaction with PCNA. Gomes and co-workers ([@B23]) investigated the phenotype of the yeast RFC140 fragment 274--861 (corresponding to 535--1147 in human). They revealed that yeast cells having deletion fragment 274--861 show a normal response to UV and hydroxyurea, but are sensitive to MMS compared with wild-type cells. This might indicate that the N-terminal portion of RFC140 is responsible for repair of MMS-induced strand breaks, but not for DNA replication or repair of UV-induced DNA damage. Together with this evidence, it might be suggested that the N-terminal portion of RFC140 is important for the interaction with PCNA in response to DNA strand breaks.

In summary, together with the previous studies, our model of the recruitment of the DNA repair synthesis machinery to sites of DNA damage/repair in living cells is as follows: after or during excision of damaged DNA from the genome, the PCNA/RFC complex is recruited to sites of DNA damage ([Figures 1--4](#F1 F2 F3 F4){ref-type="fig"}). At this time, it is PCNA that locates the sites of DNA damage rather than RFC ([Figure 9](#F9){ref-type="fig"}). Prior to the translocation of the PCNA/RFC complex, RFC140 interacts with PCNA through the extreme N-terminal domain (PCNA-A domain) of RFC140 ([Figures 5](#F5){ref-type="fig"} and [6](#F6){ref-type="fig"}B); this interaction may be especially important in the response to DNA strand-breaks ([@B23]). After this interaction, an additional interaction between PCNA and the PCNA-B domain of RFC140 may stabilize the PCNA/RFC complex \[[Figure 7](#F7){ref-type="fig"} and ([@B15])\]. After accumulation of the PCNA/RFC complex, the DNA-binding domain of RFC140 locates the precise place where PCNA should be loaded \[suggested in ([@B8]) and ([@B15])\]. RFC is then released from PCNA and DNA polδ is recruited to PCNA for DNA repair synthesis ([@B24]). In this study, again, it is strongly suggested that PCNA but not RFC is first recruited to the sites of DNA damage/repair, and RFC which is a 'co-factor' of PCNA loads PCNA onto the precise sites of DNA damage/repair. As mentioned earlier, RFC140 may accumulate rapidly at the damage site, although this mechanism and its significance are not yet resolved. However, our data suggest that RFC140 may have additional function(s) in DNA damage sensing that is independent of RFC\'s other small subunits ([Figure 2](#F2){ref-type="fig"}). The data shown in [Figure 4](#F4){ref-type="fig"} and our previous data ([@B11]), strongly suggest that XRCC1 is the major recruiter of PCNA to SSBs. The next goal of this project will be to determine what is the PCNA recruiter for other types of DNA damage, i.e. DSBs. We anticipate that the laser microirradiation system will be a powerful tool for achieving this aim.

SUPPLEMENTARY DATA
==================

Supplementary data are available at NAR online.
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